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I. TNTRODUCTION

Laser plasma ignition by aerosol particles limits the optical intensities
that can be propagated through the atmosphere. Above the breakdown threshold,
aerosol particles ignite intense plasmas that are opaque to visible and infra-
red irradiation. These plasmas grow rapidly and may fully block the luer.
beam, depending upon the number density of breakdowns, the plasma radial
growth rate, and the laser pulse duration. Previous experimental and theore~
tical work on the aerosol-induced breakdown problem has been carried out pri-
marily at CO, laser wavelengths (1n.6 ;m).1°6 Here it has been shown that
(1) aerosol particles lower the breakdown threshold below the clean air value,
(2) threshold reduction 1is relatively insensitive to aerosol particle
material, except for the case of water aerosols that cause a significantly
smaller reduction in threshold than do solid-particle aerosols, and (3) for
large-diameter particles breakdown threshold decreases with both increasing
particle size and increasing laser pulse duration. At pulsed-HF chain-laser
wavelengths, thresholds for air breakdown initiated by various solid aerosols
have been measured using a long-pulse-duration (3.5 usec) laser beam.’
Measured thresholds were found to be higher by factors of 3 to 5 than the
corresponding 10.6-m data, suggesting a breakdown threshold dependence on
wavelength of Ip ~ x'l. This result contrasts sharply with short pulse
data,5’8 where the threshold for large particles has been found to scale
as A-z.' Recently, a pulsed DF-laser threshold measurc»ent was reported for

9

clean helium;” earlier, short-pulse HF and DF laser breakdown of air was

Studied by two groups.loaglob

Aside from that work, we are aware of no
breakdown data that have been published at the laser wavelengths employed in

the present study.

The results of a brief (three-week) experimental study of long-pulse
breakdown induced by maritimec and solid-particle aerosols at pulsed-DF chain-
laser wavelengths (3.58 to 4.78 uym) are reported here. Threshold messurements
in maritime aerosols have been performed using both collimated and focused

beams, bracketing the intensity range of breakdown-free propagation over long

transaission paths. Radial and axial growth rates of the aerosol initfated
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plasmas have also been measured. An approximate theoretical model of the
aerosol breakdown .process that considers aerosol vaporization and subsequent
cascade ionization by the laser beam is shown to be in reasonable agreement
with the experimental data and, in principle, permits scaling of the labora-
tory breakdown data tc long propagation paths.




IT. EXPERIMENTAL TECHNIQUE

A magnetically confined electron beam was used to initiate the pulsed

chain-reaction DF laser.ll

Mixtures containing 202F,~8ZD, by volume were
irradiated for periods of approximately 0.5 usec at current densities of 20
A/cm2 to accomplish laser initiation. Nominal laser energies of 30 J in 0.8-
usec (FWHM) pulses were delivered at cavity pressures of 800 Torr. Laser
energy and pulse duration variations were accomplished through adjustment of
the laser cavity pressure, Energy was extracted from the gain medium by means
of a transmission-~coupled half-symmetric unstable resonator and then colli-
mated using a CaF, lens of 8-m focal length. Burn patterns on calibrated
witness film indicated a highly uniform intensity profile in the near-field
output beam. The beam was propagated a distance of about 100 meters through

an insulated duct to the vicinity of the aerosol generator.

The experimental configuration in the area of the aerosol chamber 1s
shown in Fig. 1. Two CaF, wedges were used to sample the incident and trans-
mitted laser energy and irradiance time history on each breakdown experi-
ment. Laser pulse energies were measured using ballistic thermopiles, and
emission time profiles of the laser pulse were monitored with Au:Ge detec-
tors. Both collimated and focused beams were directed into the aerosol
chamber. A 3:1 reducing telescope consisting of a 3-m-radius concave mirror
and a l-m-radius convex mirror was used to generate a collimated beam. Sub-
stitution of a flat mirror for the convex-mirror element in the telescope per-

mitted the laser beam to be brought to a focus within the aerosol generator.

Three techniques were employed in the observation of aerosol breakdowns.
An open-shutter camera was used to provide unequivocal photographic evidence
of breakdown in the aerosol chamber. The onset of ultraviolet emission from
breakdown plasmas was monitored using a 1P28 photomultiplier tube. Rapid
cutoff of the transmitted DF beam was observed to follow closely the onset of
ultraviolet plasma emission. This sequence of events is illustrated in the
oscillograms of Fig. 2. For the case shown, full beam blockage is observed to

occur in the transmitted irradiance record approximately 100 nsec after the

ultraviolet emission record shows the first evidence of plasma formation.
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Aerosol plasma growth rates were obtained using image converter camera data.
Framing rates of 106 or 2 x 107 sec”]l were employed; the exposure time at a
20-MHz framing speed 1is 10'8 sec, A discussion of the data obtained with the

image converter camera is presented later.

The spatial distribution of radiation in the breakdown region was deter-
mined using burns on exposed, developed photographic film. For the focused
beam case, a Gaussian 1irradiance distribution, I(r,z,t) = In(t) exp[(r/w)zl

was assumed, and from the burns we determined w. The centerline
fluence €, Wwas calculated from the measured pulse energy Ep and w according
to the relationship
lim (= E
€ - e(r = 0, z) = f I(r’z’t)dt - P (l)
c r+0 2
0 ' (z)

The centerline irradiance at breakdown was determined from the expressions

I, = I(r = 0, z, tB) = kv(tB) (2)

€
k = __C (3)
Ico
0 v(t)dt
where k (W/cmz-V) is the proportionality factor relating the incident irradi-
ance and the detector output voltage, and tg is the time to breakdown as de-
termined from the photomultiplier measurement of plasma emission onset. The

accumulated centerline fluence at breakdown was obtained from the equation

&

€g = e(r = 0, z, tB) - !

I,(t)dt (4)
The irradiance waveforms were digitized to perform numerical evaluation of the
integrals in Eqs. (3) and (4). For the collimated-beam (near-field) case, the
transmission—coupled unstable resonator produced a nearly uniform spatial flu-
ence and 1irradiance distribution such that €. = €= Ep/Ahurn and Io = =
kv(t). A film burn that illustrates the uniformity of the resonator near-
field fluence distribution is shown in Fig. 3,

12
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An aerosol generator was used to simulate representative maritime and -

fog-bank conditions on the open ocean.l2 A 3.6 by 2.3 by 2.1 m metal
enclosure was internally fitted with four nozzle heads and three spinning disk
humidifiers for dispensing salt- or fresh-water aerosols. After a transgient
period of about 30 min, it was found that a temporally stable distribution
could be achieved. Relatively uniform spatial aerosol distributions within
the enclosure were obtained by use of a circulation fan. The enclosure was
fitted with ports on three of its sides that were opened several seconds
before an experiment to permit laser-beam and camera access to the particle-
laden air., Three particle spectrometers were installed within the chamber to
sample aerosol size distributions between 0.1 and 200 um. Data from the
sensors were recorded on magnetic tape at l-sec intervals and fed to a PDP-
11/34 data acquisition system for real-time processing. Output from the
computer included aerosol size distributions, from the probe data, and the
calculation of particle number density. An actual probe measurement and
calculation using the above system is illustrated in Fig. 4a for the case of a
fog-bank simulation by the aerosol generator. The plot presents dN/dR(cw—3

um'l), where N is particle concentration and R is particle radius, versus R
using logarithmic coordinates. The "squares" in Fig. 4a indicate the range of
the active scattering probe, and the “"triangles” and “crosses” indicate the
ranges of the two high-volume scattering probes. Also included in Fig. 4a is
a calculation of N()Ro) = f; dR x dN/dR, the number density of particles with
radii that exceed R,. Figurg 4b 1llustrates the results of probe measurements
of an aerosol distribution that closely simulates a maritime condition of the
type reported in Ref. 12, In general, breakdown measurements were carried out

in the fog bank aerosol distributions illustrated in Fig. 4a.

For solid-particle aerosol breakdown experiments, a nitrogen gas-driven
fluidized-bed injector was constructed to produce a uniform Al,04 aerosol
suspension. Alumina particles of 20 um diameter were selected for use with
the nitrogen-driven aerosol generator. Aerosol density in the breakdown

region was sufficiently large to provide numerous A1203 particles in the focal
volume, but small enough that diffractive fill-in was insured.
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I1II. RESULTS AND DISCUSSION

The breakdowh measurements carried out during the present study are
summarized in Table 1. The values of breakdown threshold Ig correspond to
those values of centerline irradiance at the focal plane, which produce a high
(~90X) probability of breakdown. The accumulated fluence at the time of
breakdown 1s also shown for cases where an unequivocal determination of break-
down time could be made. The estimated uncertainty in the reported thresholds
is +30Z. The error 1is dominated by the uncertainty in the spatial beam
profile at the breakdown location.

For the collimated beam case shown in Table 1, we were unable to achieve
breakdown at peak centerline irradiances of 59 MW/cm2 in a fog-like aerosol
distribution. From the measured aerosol distribution function, the largest
particle diameter in the irradiated volume was calculated to be 100 im.
During this experiment, the laser irradiance exceeded 50 MW/cnz for a 500-nsec
portion of the pulse. Assuming the threshold scales as 1:?'5
safe irradiance for a t-(usec) duration pulse propagating through aerosols of

100 ym diameter or smaller to be 35[t(;pec)]—0‘5 MW/cmz.

s, we infer a

Breakdown experiments were performed using 20-m-diameter A1203 particles
suspended in the focal region of the DF beam in order to gain confidence in
the present experimental technique. A 4,.5-psec (FWHM) laser pulse was em-
ployed for these breakdown tests. The measured threshold of 32 HW/cnz shown
in Table 1 is plotted in Fig. 5 along with the recent long-pulse (3.5 usec)

data of Lencioni et al. at HF and Co, wavelengths.4’7 Assuming that x‘l scal-

ing is valid in the present regime, the present threshold measurement is in

excellent agreement with the experimental results of Lencioni et al.

Two kinds of breakdown experiments are summarized in Table 1 for fog-like
distributions and focused beams. In the first class of experiments (Runs 727
and 742), the laser cavity pressure and, consequently, the pulse energy were
reduced in small increments, using temporally flat-topped laser irradiance
profiles, until breakdown was observed to cease. This approach yielded the
smallest measured values of breakdown threshold, Note that in Table 1 the
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Fig. 5. Present Measurement of Alumina Breakdown Threshold

Compared with Data of Lencioni et al.




threshold for salt-water aerosols is somewhat higher than that for fresh-water
aerosols, even though larger particle sizes were sampled in the salt-water
aerosol case. In the second class of experiments (Runs 778 through 780), the
laser was operated at 800-Torr cavity pressure, yielding peak irradiances that
were at least five times higher than the previously measured breakdown thresh-
olds. In this class of experiments, breakdowns were observed at times for
which the 1incident irradiance was still fncreasing rapidly with time. The
irradiances at which breakdowns were observed in these experiments were ap-
proximately two and one-half to three times greater than the values measured
by the prior method. That significant differences were observed in measured
breakdown thresholds for the two classes of pulses was not unexpected. If the
'r; and if Tg is the
time at which the fast-rising pulse crosses the flat-topped threshold irra-

time to attain breakdown for the fast-rising pulse is

diance, then the threshold I‘B for the fast-rising pulse can be related to the
flat-topped threshold Iy by the expression

Ip=I+ 3¢ ('rB - 'rB)

Inserting typical values for dl/dt (5 HW/cmz-nsec), I; (1.6 GW/cmz) and Iy

(0.6 GW/cmZ), one finds that 'r;-

effective aerosol breakdown time for the fast-rising pulse. It is far shorter

Tg ™ 200 nsec. The latter time is the

than the breakdown time for the flat-topped pulse because of the higher effec-
tive irradiance acting during the vaporization and avalanche phases of the
fast-rising pulse. These data highlight the important role that the laser
pulse shape plays in the determination of a threshold value of the breakdown
irradiance.

The breakdown irradiance data of Table 1 are plotted in Fig. 6 as a func-
tion of aerosol particle diameter. Included in Fig, 6 are the recent long-
pulse HF data of Lencioni et al.” and an unpublished theoretical breakdown

13 that extends the treatment of Smith“‘ to include electron

calculation
attachment to water vapor and molecular oxygen. Briefly, the vapor density

leaving the aerosol surface as a result of laser irradiation of the particle

is determined in the model, and the irradiance required to cascade ionize the

4
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vapor to complete ionization is calculated. OQualitatively speaking, smaller
particles are more difficult to ionize because of their low absorption effi-
clency and high rate of electron loss by free and ambipolar diffusion. For
aerosol particles larger than 7 um, elastic heating and attachment losses
dominate over diffusion losses under present conditions. The predicted DF
threshold for nominal 1-pysec~duration pulses is plotted in Fig. 6 as the solid
curve, while the dotted curve is the predicted HF threshold for nominal &4-
usec-long pulses. The agreement between theory and experiment is considered
satisfactory considering the simplified nature of the model and the experi-

mental error in the determination of particle size and breakdown threshold.

The data presented Fig. 6 have been used to construct the crude map shown
in Fig. 7 of the DF breakdown threshold as a function of particle size and
time to breakdown. Implicit in the construction of Fig., 7 is the assumption
that the DF thresholds are relatively insensitive to particle material as has
been found to be the case at HF and CO, wavelengths. Included in the figure
are the DF clern-air breakdown data of Deka et al.l92 and the results of our
wavelength scaling of the data of Lencioni et al.3s7 considerable liberty has
been taken in estimating the position of the curves according to particle
size. It should be emphasized that much additional data must be generated
before the empirical correlation of Fig. 7 has a firm experimental basis for
DF wavelengths.

A typical series of image converter frames that depict the breakdown
spatial growth rate at irradiances above the breakdown threshold is shown in
Fig. 8. The dashed lines in the frames mark the el diameter of the laser
beam, which we estimate to be 1.6 mm. The laser pulse is incident from the
bottom of Fig. 8. Two breakdowns can be observed in the first two frames.
The lower breakdown starts near the center of the beam and grows radially to
completely f111l the beam after about three frames. The inferred radial expan-
sion velocity is consistent with the observed delay time between cutoff of the
transmitted laser pulse and the initial observation of plasma ignition. As
time progresses, the upper breakdown plasma is shielded by the lower break-
down; it is completely extinguished by the third frame. The lower breakdown

plasma 1is observed to form an inverted-pyramid shape as it selectively absorbs

22
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radiation at its front surface and propagates back toward the laser source.

This behavior 1s characteristic of a laser-supported detonation (LSD) wave.15

Radial and axial velocities of the expanding breakdown plasmas have been
calculated from the experimental data of Fig. 8. These results are presented
in Fig. 9 along with data obtained at €O, wavelengths.16 Included in Fig. 9
are the theoretical predictions of Raizer for the radial and axial plasma
growth rates. Although the data lie somewhat above the predicted velocities,
agreement between theory and experiment is considered reasonable. At 1 GW/cm2

irradiance, we estimate the plasma specific energy to beld

2/3
Y(14/00) 12
e =—3 73 = 2.9 x 10" erg/g
" -1 (vy +1)

and the plasma temperature to be17

0.08 2/3
T = 0.86 (%_) ﬁégvgmglecules)] - 4.2 eV
0 L]

The extension of the present laboratory-scale results to long-path trans-
mission in the atmosphere has been numerically studied following standard
formulations. An example serves to 1illustrate the parameter regime where
blockage by aerosol-induced plasmas becomes important. Consider a uniform 55-
MW/cmz, 2 usec (square) pulse propagating through a typical maritime aerosol
distribution for which!?

-5 -3

NOL10 m) = [ © £ >dr=2.5x10" cn
10 ym

and assume a l-km transmission path of unit area (1 cmz). In this volume

there will be two to three particles with radii of 10 um or larger. A 55~

HW/cm2 beam will produce two to three breakdowns in the subject volume accord-
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ing to the present breakdown theory (Fig. 6). At this irradiance, the radial
expansion velocity is estimated from LSD t:heor:y15 t~ be

I,1/3
v = 0.5[ (Yz -1) 2.f:;] = 0.5 cm/usec (6)

The time for breakdowns to begin is estimated from Fig. 7 to be 0.2 usec.
Since the breakdowns are assumed to originate near the centerline of the
spatially uniform beam, the beam becomes fully blocked about 1 usec after the
onset of plasma formation. The fractional energy transmission through the

breakdown region can be written as

B Te 2,2
. [ 71 de + /. 10[1 - (v _t) /ro]dt
t._0 B
E T
i f v
1, dt
0o ©
2
T v
B 1 _.r 3_.3
—rt o, -t - G -1p] &)
v v 3r0

where Ta is the onset time for breakdown formation, Te is the beam cutoff
time, T, is the laser pulse duration, and rg is the beam radius. Equation (7)
predicts a fractional energy transmission of 312 for the present example. The
generalization to nonuniform spatial and temporal beam profiles is easily
accommodated. The above calculation relies on a theoretical breakdown
threshold estimate for 20-um-diameter water aerosols. Since the present
theory may underestimate breakdown thresholds for water aerosols of large
diameter (2 20 um), the fractional energy transmission may exceed the value
calculated in the present example. Threshold measurements for intermediate-
and large-~diameter water aerosols are needed to facilitate relisble

predictions of long-path transmission in maritime environments.
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IV. CONCLUDING REMARKS

Pulsed DF chain-laser breakdown threshnlds have been investigated in
water-particle-laden air., Thresholds for fresh- and salt~-water aerosols of
small (1 to 4 im) diameter were measured to lie in the range 0.6 to 1.8
GH/cmz. The apparent large spread in the measured small-particle thresholds
was explained on the basis of major differences in laser pulse shapes for two
different classes of experiments that were performed. Steeply rising pulses
yielded thresholds that were two and one-half to three times greater than the
breakdown values observed for flat-topped pulses. Collimated DF beams that
encountered large-diameter water particles were incapable of producing break-
downs at irradiance levels of 50 to 59 MW/cm2 and pulse lengths of 0.5 usec.
Based on threshold scaling as 1;1/2, we postulate a safe irradiance for a
t(usec)—duration pulse propagating through 100-m~diameter water particles to

be 35[t(usec)]'0'5 MW/cm2.

Coufidence in the present experimental technique was increased by con-
ducting threshold measurements using 20-ym—diameter alumina particles; the
wavelength-scaled HF- and COz-laser data of Lencioni et al. have been shown to
be in excellent agreement with our alumina threshold measurements. A first
attempt was made to construct an empirical correlation of DF breakdown thres-
hold as a function of particle size and time to breakdown. In this correla-
tion, the present data appear to be compatible with our wavelength scaling of
the ;hort— and long-pulse data of Lencioni et al. and with clean-air breakdown
data of Deka et al.

Plasma growth rate measurements for DF irradiated aerosols have been
shown to agree with the theoretical predictions of Razier and are found to be
consistent with extrapolations to higher fluences of earlier measurements at
CO, wavelengths. A plasma temperature of 4.2 eV was inferred from measure-
ments of the axial LSD wave speed at incident irradiances in the neighborhood
of 1 GV/cnz. An approximate theoretical model of the aerosol breakdown pro-

cess was described that was shown to be in reasonable agreement with the

experimental DF data. This model allows scaling of the present laboratory-




scale results to long transmission paths in maritime environments. To
establish greater confidence in this scaling, we propose that additional
measurements, using a larger energy DF laser, are needed to obtain breakdown

thresholds for intermediate size (10 to 40 im diameter) water particles.
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